The earliest detectable event in the photoperiodic response of quail is a rise in luteinizing hormone (LH) secretion beginning at about hour 20 on the first long day. The timing of this rise was measured in castrated quail after entrainment to short daylengths which cause significant phase angle differences in the circadian system: (1) LD 2:22 and LD 10:14, and (2) LD 3:21 (T = 24 hr) and LD 3:24 (T = 27 hr). The quail were then exposed to 24 hr of light (by delaying lights-off ), and the time of the first LH rise was measured; it was similar in all schedules. Quail were also entrained to LD 3:21 or LD 3:24 and then given a single 6-hr nightbreak 6-12, 7-13, or 13-19 hr after dawn. The earlier pulse was marginally more inductive in the 27-hr cycle. Thus the entrainment characteristics of the photoinducible rhythm (&Phi; 1 ) in quail appear very different from those of the locomotor circadian rhythm, and raise doubts as to whether &Phi; 1 is a primary circadian oscillator.
Photoperiodic Induction in Quail as a Function of the Period of the Light-Dark Cycle: Implications 1964; Follett, 1973; Follett et al., 1974; Elliott, 1976; Saunders, 1982; Vaz Nunes and Veerman, 1986) ; however, in a number of species the evidence points the other way, and (~i appears to be a strongly damped oscillator that will run for only a single cycle unless turned over each day by a dawn signal (e.g., Lees, 1973; Underwood, 1978; Saiovici et al., 1987; Saunders and Lewis, 1988; Dumortier and Brunnarius, 1989) . It is still quite unclear as to whether the distinction between a rapidly damped and a strongly self-sustaining photoperiodic oscillator is simply a quantitative one, reflecting the self-winding capacities of 40i, or is qualitative and reflects fundamentally different mechanisms of photoperiodic time measurement-hourglass or circadian (see Bunning, 1973; Saunders and Lewis, 1988; Dumortier and Brunnarius, 1989) . The whole issue has become more intriguing, however, as examples exist where the photoperiodic clock within a species appears able to run either as an hourglass or as a circadian oscillator (e.g., Saunders, 1982; Veerman et al., 1988; Dumortier and Brunnarius, 1989; Underwood and Hyde, 1990) .
In quail, O)i normally behaves as a rapidly damping oscillator (Saiovici et al., 1987) , and chronic Nanda-Hamner (Nanda and Hamner, 1958) experiments using 6-hr light treatments are only weakly positive (Follett and Sharp, 1969; Follett et al., 1981; Saiovici et al., 1987) . Also, the phase angle of (~i alters very little as the zeitgeber is changed, in contrast to the circadian oscillators regulating locomotor activity and oviposition where the phase angle changes considerably as either photoperiod or the period of the light-dark (LD) cycle (T) itself is changed (Simpson and Follett, 1982a,b) . Thus, shifting quail from LD 9:15 to LD 1:23 or from LD 3:21 (T = 24) to LD 3:24 (T = 27) advances locomotor activity by 4-5 hr, but &Phi; i is only advanced by 30 min or so (Follett and Sharp, 1969; Simpson and Follett, 1982a) . This difference between oscillators could have several explanations (see Pittendrigh, 1981; Simpson and Follett, 1982a) , one of which is that &Phi; i is coupled to the central circadian generator in a manner different from that of the locomotor and ovipositional circadian system. This is not unattractive, for it might explain why &Phi; i damps out rapidly under many situations. The rapid induction model in castrated quail (Nicholls et al., 1983) offers another way of determining the position of &Phi; i in any given photoperiodic cycle, and in the present experiments the timing of the first luteinizing hormone (LH) rise was measured as photoperiod and T were altered. Groups of quail were entrained to short-day photoperiodic schedules that caused significant phase angle differences in their circadian locomotor rhythms, and then were exposed to a single long day. LH was measured before, during, and after the long day, and the time of photoperiodic induction was then calculated.
MATERIALS AND METHODS
Thirty male quail (Coturnix c. japonica) were reared under LD 8:16 and castrated at 8 weeks of age when somatic growth was complete. They were pretreated to ensure that each bird would respond photoperiodically when exposed to a single long day. This involved a cycle of exposure to LD 20:4 for 6 weeks and then to LD 8:16 for 3 weeks to suppress LH secretion. At that point the quail were moved to a constant-temperature room (16&deg;C; background noise from a large fan was present), within which they were housed individually in groups of three in lightproof wooden chambers (60 x 35 x 35 cm); each chamber was illuminated by an 8-W "Warmwite" fluorescent tube (Philips) providing an intensity of 500 lux at head height, and ventilated by a fan. Lighting was controlled electronically (time switch type 330-682, RS Components Ltd., Corby, Northamptonshire, England), and activation of the lights was monitored continuously by light-activated switches connected to an Esterline-Angus event recorder.
Experiments were carried out at precise 3-week intervals. During the course of the 13 experiments (some of which have been combined in the "Results" section) from August 1989 until June 1990, six birds were removed from the group, mainly for health reasons.
Locomotor activity was recorded in individual quail housed in cages (16 x 21 x 26 cm) in which the cage floor pivoted about a central axle, so that movement closed one or other of the two microswitches mounted at either end of the cage. Data from the microswitches were collected in a custom-made electronic device in 30-min bins. Each cage was kept in a lightproof box (56 x 36 x 31 cm) fitted with an 8-W "Warmwite" fluorescent lamp (Philips) whose choke had been removed to reduce temperature fluctuation, and that produced a light intensity of 500 lux at head height. The four activity boxes were kept in the same temperature-controlled room as the photoperiodic boxes containing three birds each. Blood (100 &mu;l) was taken from a wing vein into a heparinized tube and centrifuged; plasmas were stored at -20&deg;C. LH was measured by radioimmunoassay. A micromodification of the original procedure was used (Follett et al., 1972) : 20 &mu;l chicken LH standard (fraction IRC2), 20 &mu;l antichicken LH (antiserum 16/6 at 1:80,000), 20 &mu;l iodinated chicken LH (5000 cpm), and 20 ~Ll precipitating second antibody. The plasma samples from a single experiment (100-250 in number) were always measured in a single assay, each plasma being assayed in duplicate at a dose level of 15 ~,1. For the 13 assays used in this study, the amount of chicken LH standard required to reduce binding by 50% was 52.9 ± 3.8 (SEM) pg (equivalent to 2.65 mg/liter); the ratio of bound to total counts in the absence of unlabeled LH was 0.30 ± 0.02 (SEM); and the two plasma pools included in each assay (5.17 and 1.45 jig/liter) gave, respectively, interassay variances of 12.7% and 16.2%. The intra-assay variances were 11% and 8.8%, as determined from repeated measures of the same samples in one assay.
The results have been expressed either in absolute concentrations of LH (jjLg/liter) or more frequently by calculating the change in LH in an individual quail (ALH; pLg/liter), usually by reference to the resting level at the outset of the experiment. This latter method minimizes the interanimal variation in resting LH. Statistical tests used were repeatedmeasures analyses of variance (Winer, 1962) , paired and unpaired Student's t tests, and tests for homogeneity of variances.
The stored activity counts were transferred in 30-min bins to an Opus II IBM-compatible personal computer and manipulated using a Lotus 1-2-3 software package. They were eventually printed and mounted in the conventional manner (double-plotting, days vertically), and calculations of activity onsets and offsets were made by eye.
RESULTS

THE PHOTOPERIODIC RESPONSE IN CASTRATED QUAIL
, Experiment 1 (Fig. 1 ) measured the overall photoperiodic response in 24 of the castrated quail when they were moved for 1 day from LD 8:16 (lights-on from 0900 to 1700 hr) to LD 20:4 (lights-on from 0900 to 0500 hr). Levels of LH increased 4.5-fold within 24 hr of the end of the long day (p < 0.01) and 11.6-fold 3 days after the long day. They returned to prestimulation levels after about 10 days. Experiment 2 showed that the magnitude of the photoperiodic response depends upon the length of the single long day (Fig. 2 ). Groups of eight quail were exposed to one 14hr, 17-hr, 20-hr, or 24-hr photoperiod, and plasma levels were measured 4 days later. A day of 14 hr did not cause a significant rise in LH (p > 0.1, paired Student's t test), but 17 hr was clearly inductive (p < 0.001). The longer days of 20 and 24 hr were both highly inductive and significantly more effective than 17 hr of light (p < 0.05). FIGURE 1. Experiment 1: Photoperiodic response in a group of castrated quail (n = 24) held on LD 8:16 and moved for one day to LD 20:4. The bar beneath the figure shows the days to which the L quail were exposed. LH (fig/liter ± SEM) is shown before and at four times points after the long day. FIGURE 2. Experiment 2: The relative potency of a single long day, containing 14, 17, 20, or 24 hr of light, in causing photoperiodic induction in castrated quail. Values of LH (jjLg/Iiter ± SEM; n shown in parentheses) were measured 4 days after the long day at the time of maximal response (see Fig. 1 ).
The precise time of photoperiodic induction was determined in Experiment 3. A group of 13 quail on LD 8:16 (lights-on at 0900 hr) was exposed to 1 day of LD 20:4 (lights-on at 0900 hr). The results are summarized in Figure 3 . LH was still basal at hour 17 during the long day, but had risen significantly (p < 0.01) by hour 25 (i.e., 1 hr after dawn of the short day following the single LD 20:4). By hour 29 LH was 4.3-fold greater than before photostimulation (p < 0.001).
TIMING OF PHOTOPERIODIC INDUCTION AS THE PHASE OF THE CIRCADIAN SYSTEM IS ALTERED
Experiments 4-7 measured the time of photoperiodic induction in birds entrained in such a way as to cause significant phase angle differences in their circadian systems. Birds were assigned at random to one of two treatments: They were entrained for 2 weeks to a particular photoperiodic cycle, and the position of 4)i was then determined by exposing them to one 24-hr period of light and measuring the changes in LH secretion. Each experiment was carried out in two halves at 3-week intervals with the treatments being reversed. This design compensated for individual differences in rapidity and scale of photoperiodic induction.
EXPERIMENT 4: COMPARISON OF LD 2:22 AND LD 10:14 Experiment 4 used two groups of six and seven quail entrained to LD 2:22 (lights-on from 1200 to 1400 hr) or LD 10: 14 (lights-on from 1200 to 2200 hr) for 2 weeks. Birds were then exposed to 24 hr of light (lights-on at 1200 hr) followed by 3 days of LD 8:16, blood FIGURE 3. Experiment 3 analyzed in more detail the time of photoperiodic induction in a group of 13 castrated quail held on LD 8:16 and then exposed for one day to LD 20:4. LH levels (mean ± SEM) are plotted against time at various points before, during, and after the long day. The bar beneath the diagram shows the long day and the subsequent three short days. LH remained basal through much of the long day, but began to increase between 18 and 24 hr after lights-on. The first significant increase in LH (**; p < 0.01) occurred 25 hr after the beginning of the long day. FIGURE 4. Experiment 4: The timing of photoperiodic induction in castrated quail previously entrained to LD 10: 14 (open circles; n = 13) or to LD 2:22 (filled circles; n = 13) and then exposed to 24 hr of light (see bars beneath diagram for actual photoperiods). Changes in LH concentrations (mean ± SEM) are shown relative to the level at hour 17 on the long day. Patterns of LH secretion were similar, although the first significant rise in LH occurred earlier in the group coming from LD 10:14 (hour 21; * *, p < 0.01 ) than in that coming from LD 2:22 (hour 25; *, p < 0.05).
samples being taken at various times over this 4-hr day period. The experiment was then repeated with the two treatments being reversed. The combined results are summarized in Figure 4 , which shows the changes in LH during and after the single long day. The overall pattern of LH secretion was similar, regardless of whether the birds had been on LD 2:22 or 10: 14 before the long day. At no time point were the LH levels different (unpaired t tests), but the first detectable increase in LH occurred at hour 21 in the group coming from LD 10: 14 (p < 0.01 in a paired t-test comparison with LH at hour 17) and hour 25 in those previously exposed to LD 2:22 (p < 0.05).
EXPERIMENTS 5-7: COMPARISON OF LD 3:21 WITH LD 3:24 Experiment 5 maximized the phase angle difference between the two groups of quail (n = 9 in each case) by entraining them for 2 weeks to T cycles of either 24 hr (LD 3:21) or 27 hr (LD 3:24). Locomotor activity was monitored in two birds from each group. All quail were then exposed to 24 hr of light (by delaying the lights-off signal), and the LH levels were followed by taking serial blood samples. The pretreatments were then reversed in the two groups, and the experiment was repeated. Figure 5 summarizes the results. The first significant increase in LH occurred at hour 21 (p < 0.05, paired t-test comparison with hour 17) in both groups. At no time point were there any differences between the groups. . Experiments 6 and 7 looked in more detail at LH secretion around the time of photoperiodic induction, to discover whether T had a subtle effect on when LH levels increased. Quail were entrained to LD 3:21 or LD 3:24; exposed to one 24-hr light period (by delaying dusk); and sampled at hours 1, 17, 18.5, 20, 21.5, and 23 after lights-on. In Experiment 6, both FIGURE 5. Experiment 5: Change in LH secretion and time of photoperiodic induction in castrated quail exposed to a long day (see bars beneath diagram for details of the photoperiods) after entrainment to either T = 24 hr (LD 3:21; filled circles; n = 18) or T = 27 hr (LD 3:24; open circles; n = 18). Results are expressed in terms of the change in LH (yLg/liter) relative to the level at hour 17 of the long day. Levels were increased in both groups at hour 21 (*, p < 0.05). FIGURE 6. In Experiment 7, 11 quail were entrained to LD 3:21 (T = 24) and 12 to LD 3:24 (T = 27). They were then exposed to a long day (24 hr of light), and LH was measured at hours 1, 17, 18.5, 20, 21.5, and 23 after the dawn of the long day. For each bird a decision was taken as to when the first rise in LH occurred (defined when the change in LH relative to the LH level at hour 1 was > 0.5 p,g/liter), and the distributions are shown. No birds had increased LH by hour 17. A Mann-Whitney U test between T = 24 and T = 27 indicated p to lie between 0.1 and 0.05. groups (n = 11 in each case) showed a significant rise in LH in the 18.5-hr blood sample (T = 27, p < 0.05; T = 24, p < 0.01; paired t tests compared with LH 1 hr after dawn). The data from Experiment 7 were analyzed nonparametrically by deciding subjectively when the LH had risen in each bird and then comparing the two T cycles. The results are shown in Figure 6 , and a Mann-Whitney U test showed no differences (p > 0.05) between the timing of the first rise.
Although T had no effect on the time of the first rise in LH, it did advance the phase of the locomotor rhythm. The activity data are summarized in Table 1 , which shows that increasing T from 24 to 27 hr advanced the onset of locomotor activity by 9 hr. Examples of activity records are given in Figure 7 . ,, ,
EFFECT OF A 6-HR NIGHT BREAK ON PHOTOPERIODIC INDUCTION
The method of measuring <Pi used in Experiments 4-7 appears sound, but it is conceivable that when the birds are exposed to continuous light, the position of 4)i is instantaneously delayed and so comes to occur at the same clock time. This problem is not easily addressable; (LD 3:24) Note. Phase angle onsets and endings are shown in hours ±SEM relative to lightson ; duration of activity (a) is given in hours ±SEM. Individual values were estimated from the 5-7 days immediately prior to the long day (see Fig. 7 ). FIGURE 7. Representative locomotor activity records for two quail exposed to either LD 3:21 (T = 24 hr) or LD 3:24 (T = 27 hr). Activity is shown in 30-min periods by histograms for the 5-7 days immediately prior to stimulation with a long day; the data have been double-plotted to aid clarity. The phase angle difference is obvious, and in a 27-hr cycle the locomotor activity occurs virtually entirely prior to the 3-hr light period. however, it was approached in Experiments 8 and 9 by entraining quail to T = 24 (LD 3:21) or T = 27 (LD 3:24), and then photostimulating them not with 24 hr of light but with a single 6-hr night break set at different times after lights-on. In these experiments, LH was measured 1, 2, and 3 days after the night break in order to compare the relative efficacy of the night breaks. Table 2 summarizes the results from Experiment 8. They show that a night break 13-19 hr after lights-on was equally inductive in quail entrained to LD 3:21 or LD 3:24, but that a pulse 7-13 hr after lights-on was more effective in quail on the 27-hr cycle; the difference reached statistical significance (p < 0.05) in the sample taken 1 day after the pulse.
Experiment 9 tested the inductive capacity of a night break given 6-12 hr after lightson in quail entrained to 24-hr or 27-hr T cycles. The results (Table 3) show that the night break was more inductive in the quail entrained to T = 27 and that there was a significant rise in LH after 2 and 3 days. Given to quail entrained to T = 24, the night break was only just inductive, and the changes in LH levels were significantly less (p < 0.01 or 0.05) than in the T = 27 group.
DISCUSSION
In quail, 4)i is located in the first half of the subjective night-about 12-18 hr after dawnand its illumination leads soon thereafter to photoinduction and to a rise in LH secretion beginning at or about hour 20 (Nicholls and Follett, 1974; Follett et al., 1977 Follett et al., , 1985 Nicholls et al., 1983) . With castrated quail, there is an even clearer increase in LH as photoperiodic induction occurs (see Fig. 3 ) and this led to the view that measuring the time of the first rise makes it possible to estimate the position of ioi reasonably accurately. If this is true, then the prediction follows that the phase of 4)i could be determined as entrainment was altered. From measuring locomotor and ovipositional rhythms in quail (Simpson and Follett, 1982a,b) , it is known that shortening the photoperiod, or lengthening the overall T cycle, advances the rhythms by some hours. Thus, if (~i is closely coupled to these other oscillators, then the time of photoinduction could be expected to occur much earlier. The results do not sustain this hypothesis and suggest that 4)i is advanced only a marginal amount, despite there being large phase shifts in the locomotor clock.
The results therefore extend the view obtained earlier (Simpson and Follett, 1982a; Saiovici et al., 1987) that the rhythm of photoinducibility in quail possesses characteristics not consistent with its being similar to many of the other circadian rhythms in this bird. The Nanda-Hamner experiments carried out in intact and castrated quail (Follett and Sharp, 1969; Dobson, cited in Follett et al., 1981; Saiovici et al., 1987) show positive results consistent with 4)i's being an endogenous oscillator, but the responses are weak and occasionally entirely absent. Saiovici et al. (1987) used highly photoresponsive quail and released them into darkness before probing for (~i with a single 8-hr night break. They were unable to show a strong oscillation in (~i, and in most respects (~i behaved as a highly damped oscillator that would run for only a single cycle after it had been triggered by light at dawn. This damping out of 4)i in the quail looks different from the situation in some other birds, where the photoinducible rhythm seems to free-run strongly (e.g., Hamner, 1963; Follett et al., 1974; Turek, 1974; Gwinner and Eriksson, 1977; Tewary and Kumar, 1981; Tewary et al., 1984) .
Another test of circadian involvement in photoperiodic time measurement is the socalled T-cycle experiment of Pittendrigh and Minis (1964) . This works well in hamsters (Elliott, 1976) , and gives a positive result in the house sparrow, but is hardly inductive in the white-crowned sparrow (Farner et al., 1977) . In quail it is most ineffective by itself, and extensions of it to determine the position of ioi as T is changed (critical daylength estimates in T 24 and T 30 cycles; asymmetric skeleton photoperiod experiments using 15min light pulses repetitively) suggest that 40i is only advanced by a few minutes even when other rhythms are advanced by some hours (Simpson and Follett, 1982a) . The present experiments measured the position of 4)i more directly, but the conclusions are similar: A major phase change can be caused in much of the quail's circadian system without having any great effect upon the phase angle of 4)i.
A key question is whether (~i is essentially noncircadian in quail (Saiovici et al., 1987) , suggesting that photoperiodic time measurement operates as an hourglass, or whether the rapid damping of 4)i can be explained by differences in coupling between a master circadian generator and the slave oscillators regulating events such as daylength measurement and locomotor activity. The answer to this is unknown, but perhaps the latter interpretation is the more likely. Pittendrigh (1981) has provided theoretical and experimental evidence for differential coupling in a multioscillator system; this may lie behind the finding that photoperiodic time measurement in some insects can sometimes appear circadian-based and sometimes hourglass-like (e.g., Dumortier and Brunnarius, 1989) . This property has been also reported in a lizard (Underwood, 1978; Underwood and Hyde, 1990 ; see also Schleussner and Gwinner, 1989) , and we (unpublished results) have recently obtained positive Nanda-Hamner responses in castrated quail run into darkness from LD 10:14 but not from LD 6:18. Perhaps a very weak coupling between the central circadian generator and the photoperiodic oscillator explains the lack of phase change when T is altered, and also means that 4~i soon damps out under constant darkness.
The present experiments make the assumption, of course, that the position of ~; is accurately represented by the rise in LH that occurs at about hour 20. There seems no experimental reason to question this assumption; however, exposing some animals to continuous light can &dquo;stop the clock,&dquo; and this could lead to 4~i's appearing at the same time, regardless of the previous entrainment schedule. Experiments 8 and 9 tried to address this possibility and gave results similar to those found with a day of continuous light.
